Background: To test the hypothesis that preserved muscle mass is protective against obesity-associated insulin resistance and metabolic abnormalities, we analyzed the relationship of lean body mass and computed tomography-assessed sectional areas of specific skeletal muscles with insulin resistance and metabolic abnormalities in a healthy cohort. Methods: A total of 195 subjects without diabetes who had completed a medical examination were included in this study. Various anthropometric indices such as circumferences of the arm, waist, hip, thigh, and calf were measured. Body composition (fat and lean body mass) was determined by bioelectrical impedance analysis. Sectional areas of specific skeletal muscles (iliopsoas, erector spinae, gluteus, femoris, and rectus abdominis muscles) were measured using computed tomography. Findings: Fat and lean body mass were significantly correlated with metabolic abnormalities and insulin resistance indices. When adjusted by weight, relationships of fat and lean body mass with metabolic parameters were mirror images of each other. The weight-adjusted lean body mass negatively correlated with systolic and diastolic blood pressures; fasting plasma glucose, HbA1c, alanine aminotransferase, and triglyceride, and insulin levels; and hepatic insulin resistance indices, and positively correlated with HDL-cholesterol levels and muscle insulin sensitivity indices. Compared with weight-adjusted lean body mass, weightadjusted sectional areas of specific skeletal muscles showed similar, but not as strong, correlations with metabolic parameters. Among anthropometric measures, the calf circumference best reflected lean body mass, and weight-adjusted calf circumference negatively correlated with metabolic abnormalities and insulin resistance indices. Interpretation: Weight-adjusted lean body mass and skeletal muscle area are protective against weight-associated insulin resistance and metabolic abnormalities. The calf circumference reflects lean body mass and may be useful as a protective marker against obesity-associated metabolic abnormalities.
Introduction
Insulin resistance and its related metabolic abnormalities, such as type 2 diabetes, hypertension, and dyslipidemia, increase risks of cardiovascular diseases and cancers. Although obesity may play a major role in the development of insulin resistance, recent studies suggest that ectopic lipid accumulation in insulintargeting organs, such as the liver [1] and skeletal muscles [2] , in an overnutrition state may also contribute to the pathology of insulin resistance via perturbation of inter-organ networks mediated by nutrients, hepatokines/myokines, and neuronal pathways [3] . The skeletal muscle plays an important role in glucose uptake and energy expenditure. In the cross-sectional observations, lower relative muscle mass, that is estimated from the ratio of lean body mass to total body weight, is associated with insulin resistance [4, 5] . We recently found that lower absolute established to date. It was reported that risks of myocardial infarction are positively correlated with the waist-to-hip ratio and waist circumference (WC) and negatively correlated with the hip circumference (HC) [8] . Because HC may be reflective of muscle mass and peripheral subcutaneous fat [6] , we hypothesized that preserved muscle mass is protective against obesity-associated insulin resistance and metabolic abnormalities. In the present study, we tested this hypothesis by analyzing the relationship of lean body mass and computed tomography (CT)assessed sectional areas of specific skeletal muscles with insulin resistance/ metabolic abnormalities in a healthy cohort. In addition, we determined the anthropometric measure best reflecting lean body mass.
Materials and methods

Study population
A total of 17115 subjects underwent a medical examination at the Public Central Hospital of Matto Ishikawa from 2010 to 2012 ( Fig. 1 ). Of these, we included 8777 subjects (40) (41) (42) (43) (44) (45) (46) (47) (48) (49) (50) (51) (52) (53) (54) (55) (56) (57) (58) (59) . We excluded 384 subjects with diabetes mellitus, 45 subjects with cerebrovascular diseases, and 105 subjects with cardiovascular diseases. Of the remaining 8243 subjects, we analyzed 195 subjects who consented to participate in the present study ( Fig. 1) .
Clinical characteristics of the study subjects are shown in Table 1 . The subjects were not taking antidiabetic agents or medications that are known to influence the primary outcome measures of this study; 17, 8, and 9 subjects were taking antihypertensive, lipid-lowering, and both antihypertensive and lipid-lowering agents, respectively.
The study was conducted with the approval of the ethics committee of Kanazawa University Hospital, Ishikawa, Japan, in accordance with the Declaration of [ ( F i g . _ 1 ) T D $ F I G ] Fig. 1 . Flow diagram for subject population.
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Blood pressure was measured two times consecutively using a mercury sphygmomanometer, and the lower value was used for analyses.
Body composition, including fat and lean body mass, was determined by dualfrequency bioelectrical impedance analysis (Tanita DC-320 TM , Tanita, Tokyo, Japan).
The sectional areas of specific skeletal muscles were measured by CT images using an image analyzing software (fatPointer TM version 2, Hitachi Medical Corporation, Tokyo, Japan); the iliopsoas, erector spinae, and rectus abdominis muscles were measured at the umbilical level; the gluteal muscle was measured at the maximal HC level; and the femoris muscle was measured 10 cm above the upper margin of the patella.
Biochemical parameters
Blood samples were obtained from all subjects after 8 h of fasting. Samples were immediately centrifuged, and plasma and serum samples were stored at −20°C until analysis. Glucose levels were measured using a standard glucose oxidase method (747 Automatic Analyzer, Hitachi, Tokyo, Japan). Creatinine, alanine aminotransferase, aspartate aminotransferase, total cholesterol, high-density lipoprotein cholesterol (HDL-C), and triglyceride (TG) levels were enzymatically measured using a chemical analyzer (Daiichi, Hitachi 747, Japan). Subjects with TG levels of more than 400 mg/dL were not included in the study. Low-density lipoprotein cholesterol (LDL-C) levels were calculated according to the Friedewald formula. Fasting serum insulin levels were determined by chemiluminescence (RIA Kit, Daiichi, Japan), and glycosylated hemoglobin levels (NGSP values) were measured by immunoturbidimetry (Cobas Integra 800 TM , Roche, Mannheim, Germany).
Assessment of insulin sensitivity
Insulin resistance was estimated using the homeostasis model assessment of insulin resistance (HOMA-IR) index, calculated using the following formula: HOMA-IR = fasting glucose (mg/dL) × fasting insulin (μU/mL)/405 [9] . The quantitative insulin sensitivity check index (QUICKI), a parameter of insulin sensitivity, was calculated using the logarithmic transformation: 1/[log fasting insulin (μU/mL) + log fasting glucose (mg/dL)] [10] .
After an overnight fast (10-12 h), a 75-g OGTT was performed. Blood samples were obtained at 0, 30, 60, and 120 min after the glucose load to measure plasma glucose and serum insulin levels. Insulin resistance indices were calculated using OGTT data as proposed by Matsuda and DeFronzo [11, 12] . The Matsuda index [11] , an index that was shown to be strongly correlated with the rate of whole-body Article No~e00347
(mainly skeletal muscle) glucose disposal in euglycemic insulin clamp studies, was calculated using the following formula: Matsuda index = 10,000/√ (fasting glucose × fasting insulin) × (mean glucose × mean insulin during OGTT). The hepatic insulin resistance (H-IR) index [12] , which is strongly correlated with H-IR in euglycemic insulin clamp studies (fasting serum insulin × basal endogenous glucose production), was defined as the product of the total areas under the curve (AUC) for glucose and insulin during the first 30 min of OGTT and was calculated using the following formula:
In any given individual, HOMA-IR and H-IR (primarily liver) indices, QUICKI, and Matsuda index (muscle plus liver) provide different information [12] .
Statistical analyses
All results are expressed as the mean ± standard deviation. The values were converted to log values if they were not normally distributed. Intergroup comparisons were performed using ANOVA. A Pearson's correlation analysis was also performed to evaluate the relationship of insulin resistance with metabolic parameters, including CC. Multiple linear regression analysis was performed to analyze independent associations of body composition/muscle mass with the insulin sensitivity index, or those of CC and lean body mass with the insulin sensitivity index, after adjusting for confounding factors. All calculations in the statistical analysis were performed using SPSS TM 15.0 (SPSS Inc., Chicago, IL, USA).
Results
3.1. Association of fat/lean body mass or computed tomographyassessed maximal sectional area of specific skeletal muscles with metabolic parameters Table 2 . Partial correlation of fat mass, lean body mass and area of muscles with metabolic parameters. Partial correlation was analysed, adjusted with age and sex.
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Association of weight-adjusted fat/lean body mass or
weight-adjusted computed tomography-assessed maximal sectional area of specific skeletal muscles with metabolic parameters
Because obese people have a high fat and lean mass, we hypothesized that weightadjusted lean body mass more accurately reflects the benefits of skeletal muscle mass against obesity-associated metabolic abnormalities. As expected, when each parameter was adjusted by weight, the relationship of fat and lean body mass with metabolic parameters became mirror images of each other (Table 3A , Fig. 2A , Fig. 2B ). Weight-adjusted lean body mass was protective against obesityassociated metabolic abnormalities; it negatively correlated with systolic and diastolic blood pressures and fasting plasma glucose, HbA1c, alanine aminotransferase, TG and insulin levels and positively correlated with HDL-C levels. In addition, the weight-adjusted lean body mass was positively correlated with muscle insulin sensitivity indices, such as Matsuda index ( Fig. 2B) and QUICKI, and negatively correlated with hepatic insulin resistance indices, such as HOMA-IR ( Fig. 2A ) and H-IR, suggesting that skeletal muscle mass to body weight ratio reflects systemic insulin sensitivity.
Similarly, all the weight-adjusted sectional areas of specific skeletal muscles showed a stronger correlation with metabolic parameters (Table 3A , Fig. 2A , Fig. 2B ). However, the correlation coefficients were lower than those of the weight-adjusted lean body mass.
Because 34 out of 195 subjects were taking antihypertensive and/or lipid-lowering agents, same analyses were performed by excluding subjects taking antihypertensive (Table 3B ) and lipid-lowering (Table 3C) [ ( F i g . _ 2 ) T D $ F I G ] Table 3B . Partial correlation of weight-adjusted fat mass, lean body mass, and sectional area of specific skeletal muscles with metabolic parameters in subjects not taking anti-hypertension drugs. Hepatic insulin resistance index 0.345 0.000 -0.391 0.000 -0.192 0.017 -0.267 0.001 -0.287 0.000 -0.217 0.007 -0.237 0.003
Matsuda index -0.598 0.000 0.618 0.000 0.319 0.000 0.416 0.000 0.397 0.000 0.328 0.000 0.336 0.000 HOMA-IR 0.584 0.000 -0.600 0.000 -0.274 0.001 -0.386 0.000 -0.354 0.000 -0.299 0.000 -0.298 0.000 QUICKI -0.580 0.000 0.593 0.000 0.267 0.001 0.382 0.000 -0.350 0.000 0.288 0.000 0.295 0.000
Partial correlation was analysed, adjusted with age and sex. Hepatic insulin resistance index 0.338 0.000 -0.381 0.000 -0.143 0.069 -0.257 0.001 -0.262 0.001 -0.178 0.023 -0.227 0.004
Matsuda index -0.582 0.000 0.600 0.000 0.267 0.001 0.380 0.000 0.369 0.000 0.298 0.000 0.318 0.000 HOMA-IR 0.565 0.000 -0.580 0.000 -0.233 0.003 -0.339 0.000 -0.324 0.000 -0.283 0.000 -0.294 0.000 QUICKI -0.562 0.000 0.575 0.000 0.227 0.004 0.337 0.000 0.321 0.000 0.272 0.000 0.289 0.000
Partial correlation was analysed, adjusted with age and sex.
In a univariate correlation analyses, all anthropometric measures evaluated (AC, WC, HC, TC, and CC) positively correlated with lean body mass in men and women ( Table 4 , Fig. 3 ). Furthermore, multiple linear regression analysis showed that the anthropometric measures that best reflect lean body mass in men and women were HC and CC, respectively, whereas TC was not an independent variable reflecting lean body mass in either gender (Table 5 ). When both genders were analyzed together, CC best reflected lean body mass ( Table 5 ). As shown in Table 6 , Fig. 4A, and Fig. 4B , similar to weight-adjusted lean body mass, weightadjusted CC negatively correlated with systolic and diastolic blood pressure; fasting plasma glucose, HbA1c, alanine aminotransferase, TG, and insulin levels;
and insulin resistance indices, such as H-IR and HOMA-IR (Fig. 4A) , and positively correlated with HDL-C levels and insulin sensitivity indices, such as Matsuda index (Fig. 4B) and QUICKI.
Discussion
The present study identified weight-adjusted lean body mass and skeletal muscle areas as indicators of systemic insulin sensitivity and protective against weightassociated metabolic abnormalities in subjects without diabetes. Interestingly, fat and lean body mass are both significantly associated with insulin resistance and metabolic abnormalities, suggesting that not only fat mass but also absolute lean body mass increases in subjects with obesity. After adjusting for weight, the relationships of fat and lean body mass with metabolic parameters became mirror images. These findings suggest that the proportion of the skeletal muscle, rather than the absolute skeletal muscle mass, may be used as a protective measure against obesity-associated insulin resistance and metabolic abnormalities.
In the present study, we determined the sectional areas of specific skeletal muscles, such as the iliopsoas, rector spinae, gluteus, femoris, and rectus abdominis muscle, using CT. Similar to the weight-adjusted lean body mass, all weight-adjusted sectional areas of each specific skeletal muscle showed a positive correlation with insulin resistance and metabolic abnormalities. However, unexpectedly, lean body mass had a stronger impact on insulin sensitivity and energy metabolism than the sectional area of specific skeletal muscles. Although we cannot rule out the possibility that CT-assessed skeletal muscle mass, rather than maximal area of each skeletal muscle, has a stronger impact on insulin sensitivity and energy metabolism, weight-adjusted lean body mass appears to be more useful for predicting protection against obesity-associated insulin resistance and metabolic abnormalities.
[ ( F i g . _ 3 ) T D $ F I G ] Fig. 3 . Scatter diagrams between lean body mass and various circumferences. The loss of muscle mass is a consequence of physical inactivity. In response to physical activity, muscles release bioactive peptides, namely, myokines, which stimulate muscle growth and hypertrophy, enhance insulin sensitivity, and thereby, protect against obesity-associated metabolic abnormalities [2] . Based on these findings, we conclude that lean body mass, and possibly skeletal muscle mass, are protective against weight-associated insulin resistance and metabolic abnormalities.
[ ( F i g . _ 4 ) T D $ F I G ] Unfortunately, estimating lean body mass requires an electrical impedance method or dual energy X-ray absorptiometry. Therefore, to apply our findings to routine health examinations in the average clinical setting, we identified an anthropometric parameter, CC, that reflects the lean body mass in both men and women. Similar to the weight-adjusted lean body mass, weight-adjusted CC in both men and women was also protective against insulin resistance and metabolic abnormalities. CC has been used as an index of nutritional state and weight of bedridden elderly patients [13] . Furthermore, an association of CC with insulin resistance and carotid atherosclerosis was reported [14] . Recently, we found that lean body mass and CC are associated with basal energy expenditure and partly with diet-induced thermogenesis in patients with diabetes [6] . Together with the present findings, we propose to measure CC to estimate lean body mass and the potential protection against obesity-associated insulin resistance and metabolic abnormalities during routine health examinations. Measuring CC may also be useful as an indicator of systemic skeletal muscle mass when starting exercise therapy at the hospital or fitness club.
Limitations in the present study were as follows. First, 34 out of 195 subjects were taking antihypertensive and/or lipid-lowering agents. However, similar results, showing fat/lean body mass or computed tomography-assessed maximal sectional area of specific skeletal muscles with metabolic parameters, were obtained when subjects taking antihypertensive (Table 2B ) and lipid-lowering (Table 2C) agents were excluded. Second, we did not estimate fitness level or circulating levels of myokines, which may affect skeletal muscle mass and metabolic outcomes. Third, the sample size was not large enough to perform intensive subanalyses. A largescale prospective cohort study is needed to determine set points and desired values for primary and secondary preventions against lifestyle-related diseases, such as obesity, type 2 diabetes, and cardiovascular diseases. Also, a prospective intervention study is required to confirm that increased fat-free mass and CC may protect against obesity and related metabolic abnormalities.
In conclusion, weight-adjusted lean body mass and skeletal muscle areas are protective against weight-associated insulin resistance and metabolic abnormalities. Among anthropometric measures, CC best reflects the lean body mass in both men and women and may be useful as a protective marker against obesityassociated metabolic abnormalities. In future health examinations, in addition to WC, CC might be used as an index of skeletal muscle mass and as a protective marker against obesity-associated metabolic abnormalities.
